Non-oxide cobalt based water oxidation electrocatalysts have received attention recently for their relative ease in preparation since they are easy to prepare, stable both in acidic & basic media, and they have higher turnover frequencies compared to cobalt oxides. Recent studies show that one of the main bottlenecks in implementing non-oxide systems to water splitting is the low number of active metal sites, which is in the order of nmol.cm −2 . Herein a new series of nonoxide water oxidation catalysts have been introduced to the field. Cobalt dicyanamides are observed to have around four times higher surface active sites and better catalytic performances than cyanide based systems. Long term catalytic studies (70 h) at an applied potential of 1.2 V and electrochemical studies performed in solutions in pHs ranging from 3.0 to 12.0 indicate that the compounds are robust and retain their structures even under drastic conditions. Moreover, the addition of nickel impurities to cobalt dicyanamides has been introduced as a feasible method to improve their catalytic activities.
Introduction
Fossil-based fuels have been extensively used for centuries, but the reserves of these fuels have been depleting rapidly.
[1] Moreover, these fuels have serious impact on the environment like hazardous greenhouse gas emissions, change in atmospheric equilibrium, and etc., [2] which emphasizes the necessity for more reliable, clean, and environmental friendly power source. [3] Given the high energy density of hydrogen (143.0 MJ/kg), hydrogen-based fuels are one of the most promising alternatives [4] for clean and renewable type of energy without any waste. [5] Water splitting that involves the production of H 2 and O 2 from water is considered to be the bottleneck in hydrogen economy. [6] Conversion of solar energy into chemical energy with splitting water molecules in photosynthesis is a well-defined process by the association of the pigment chlorophyll. The whole procedure works on the association of an electron acceptor and an electron donor. [7] Over the past few decades, many research groups have been working on perfecting the art of mimicking the photosynthesis process of splitting water to generate energy. [8] Both electrocatalytic [9] and photocatalytic [10] routes have been studied extensively with a wide range of catalysts including semiconductors, [11] transition metal oxides, [12] metal-organic frameworks (MOFs), [13] perovskite-type compounds, [14] amorphous & porous catalysts [15] , and etc. Over the past few years, non-oxide systems have been of greater emphasis due not only to their greater stabilities in both acidic and basic media but also to the higher catalytic activities obtained per metal site. Various cobalt-based non-oxide systems such as cyanide- [16] and cyanamide-based systems [17] are reported to be efficient and robust water-oxidation catalysts (WOCs).
s et al. reported the application of various metal hexacyanometalates as heterogeneous water-oxidation catalysts, which are stable even in extremely acidic conditions with quantum yields ranging between 50 − 80%. [16a] A similar study has been reported in 2015,
by Fukuzumi et al. using hetero-polynuclear cyanide systems with cobalt and platinum ions. [18] In 2016, the use of pentacyanoferrate coordinated poly (4-vinylpyridine) as a precursor to obtain a cyanide-based coordination polymer with a high current density at lower overpotentials was reported by our group. [19] Furthermore Patzke et al. reported the application of cobalt carbodiimide for both photochemical and electrochemical water oxidation in neutral and basic media in 2015. [17] Overall, these studies suggest that heterogeneous WOCs with cobalt ions exhibit superior turnover frequencies (TOFs) when metal ions are surrounded by N-donor atoms rather than O-atoms as in the case of oxides. The electrocatalytic studies performed on homogeneous single site WOCs, [Co(Py5)(OH 2 )](ClO 4 ) 2 (Py5 = 2,6-(bis(bis-2-pyridyl)-methoxymethane)pyridine) [20] and cobalt hangman porphyrins, [9a] which involve single cobalt atoms surrounded by N-donor atoms, also support this fact.
Given the aforementioned studies, the current investigation is interested in expanding the portfolio of heterogeneous WOCs that contain metal ions surrounded by N-donor atoms. The type of ligand plays a critical role in the stability and the catalytic performance of compounds.
The current research focuses on the introduction of a new N-donor bridging group, dicyanamide (N(CN) 2 -), to this field. Metal-dicyanamide systems have been explored to a great extent for their interesting structural, [21] magnetic properties, [22] and selectivity in gas adsorption. [23] This paper, for the first time, reports the application of a cobalt-dicyanamide matrix in electrochemical water oxidation catalysis. Moreover, a one-dimensional coordination compound rather than a threedimensional extended network has been chosen as a catalyst of interest to improve the number of active metal sites since the main drawback of non-oxide cobalt-containing WOCs is the relatively low number of active metal sites on the surface due to the larger distance between metal sites compared to the ones in oxide-based systems. Millipore deionized w te ( e i tivity: 8 mΩ. m) w u ed fo the expe ime t .
Experimental
In a typical synthesis dicyanamide solution in DMF was slowly added to metal salt in water under constant stirring in a stoichiometric ratio of 2:1 (dca:metal). [24] The resulting pink suspension was left under stirring overnight followed by filtration using suction. 
Instrumentation
Elemental analyses were performed using Thermo Scientific FLASH 2000 CHNS/O analyzer.
FTIR spectra were measured using Bruker ALPHA Platinum-ATR spectrometer in the wave umbe ge − 400 cm −1 . X-ray diffraction (XRD) patterns were recorded by Panalytical X'Pe tP o u tipu po e X-Ray Diffractometer (MPD) employing Cu K X-ray radiation (= 1.5418 Å). Grazing incidence X-ray diffraction (GI-XRD) patterns were recorded by Panalytical 
Preparation of catalyst modified electrodes
FTO electrodes ( × m mm ide with 7 Ω/ q −1 surface resistivity and ~80% transmittance)
were washed by sonication for 10 minutes in basic soapy solution, deionized water, and isopropanol, followed by annealing at 400 °C for 30 minutes. The catalyst was coated onto FTO electrode via a drop-casting method. A mixture of 5 mg catalyst, 500 µL water, 500 µL DMF, and 20 µL Nafion was sonicated for 30 min to make a stable suspension. Then, 50 µL of the sonicated suspension of the catalyst was then dropped onto a clean FTO electrode (1 cm 2 ). The electrode was then dried in an oven at 80 °C for 10 min and left under desiccation until further use for CV and bulk electrolysis studies. Electrode was rinsed with de-ionized water prior to use.
Electrochemical studies
Electrochemical experiments were performed at room temperature using Gamry Instruments
Interface 1000 Potentiostat / Galvanostat. A conventional three-electrode electrochemical cell was used with Ag/AgCl electrode (3.5 M KCl) as the reference electrode, Pt wire as a counter electrode, and fluorine-doped tin oxide (FTO) as a working electrode. Before the preparation of an electrode, FTO slides were cleaned prior to use as mentioned in the literature. [16a] Buffer solutions were prepared using K 2 HPO 4 and KH 2 PO 4 (KPi) and then adjusted by adding H 3 PO 4 or KOH to the desired pH. Cyclic voltammograms (CV) were recorded with a scan rate of 50 mV/s in 50 mM KPi (pH 7) containing 1 M KNO 3 as electrolyte between 0 V and 1.5 V (vs. Ag/AgCl).
For double-layer capacitance determinations, the scan rate was varied between 10 mV/sec and double layer capacitance (C DL ) was extracted from i c = ν×C DL , where ν is the scan rate and i c the current density for the specific curve at 0.15 V. All experiments were carried out under a nitrogen atmosphere.
Bulk water electrolysis and Tafel analysis
Bulk water electrolysis studies were performed with a two-compartment cell with a glass frit separation. Pt wire counter electrode was placed in one compartment while FTO working electrode and Ag/AgCl reference electrode were placed in the other compartment. The electrolysis experiments were carried out in KPi buffer (pH 7.0) solution containing 1 M KNO 3
as supporting electrolyte. Tafel data were collected in the same conditions at different applied potentials using the steady current density of an equilibrium time of 600 sec. Oxygen evolution was determined with a YSI 5100 oxygen-sensing instrument equipped with a dissolved oxygen field probe inserted into the anodic compartment.
Results & Discussion

Synthesis & Characterization
Single crystal X-ray diffraction studies performed on fine crystals of compounds reveal that all of the compounds are isostructural and crystallizing in a monoclinic system with space group P21/n. The crystallographic structure and refinement parameters are given in Table S1 . The asymmetric unit of an M(dca) 2 structure contains half of a metal(II) site, two dicyanamide groups, and one DMF molecule. Each metal ion shows distorted octahedral MN4O2 coordination environment resulting from the coordination to four nitrogen atoms of different dca groups and two oxygen atoms that belong to DMF molecules (Figure 1) . The crystal structure could be described as a one-dimensional ladder-like double chain coordination polymer (Figure 2 ).
Neighboring metal ions in each chain are connected to each other with two dicyanamide groups, which results in a distance of 7.3 Å between cobalt(II) centers. Two ligands adopt a certain configuration to connect two metal centers in such a way to form rectangular units. All of the metal sites coordinated N and O distances are within normal range of statistical errors (Table   S2) Powder X-ray diffraction studies of the as-synthesized metal dicyanamide clusters (Co, Fe, and Ni) also confirm the series of compounds to be isostructural with varying degrees of crystallinity. Figure 3 shows the XRD patterns, which exhibit 2 positions almost overlapping each other.
Infrared spectra of the Co and Ni derivatives exhibit sharp and strong stretching bands while Fe cluster shows broad and weak bands (Figure 4) .  sym&asym (C N) stretches were observed in a wave number range of 2360 -2184 cm −1 ,  asym (C-N) stretch at around 1380 -1364 cm −1 , and  sym (C-N) stretch at around 938 cm −1 , all of which can be attributed to the cyanide groups in dicyanamide fragments. [23a] Strong bands in a wave number range of 1108 -1015 cm −1 corresponds to C-N group while bands at around 1647 -1640 cm −1 and 2970 -2934 cm −1 can be assigned to the (C=O) stretches and aliphatic (C-H) stretching vibrations of DMF, respectively. [24] The presence of a broad stretch at 3500 -3250 cm −1 in the Fe derivative can be due to excess moisture adsorbed, which can also be a reason for the relatively poor crystallinity of the Fe derivative. shows a quasi-reversible redox couple with a significant oxidation peak at 0.95 V and a reduction peak at 0.83 V vs. Ag/AgCl reference electrode (E 1/2 = 0.89 V E − E = 20 mV), which can be assigned to Co 2+ /Co 3+ redox couple. A second oxidation process was also observed at around 1.35 V vs. Ag/AgCl, which can be assigned to the formation Co IV species. [25] The current density in the catalytic region is referred only to Faradaic currents as the measured capacitive currents were insignificant ( Figure S16 ). CVs with different scan rates were recorded in the range of 0. A TOF of 2×10 −3 was obtained at an overpotential of 358 mV ( Figure S5 ), which is higher than the one obtained for cobalt oxide film at pH 7.0 (η = mV). [26] [27]
Electrochemical studies
Stability of [Codca2] was tested for about six days using chronoamperometry under same experimental conditions at 1.2 V vs. Ag/AgCl reference electrode ( Figure 6 ). During this period, electrolysis was performed for four days without interruption and then continued for two more days. It was observed that the current density decreases until about 1 hour and then it increases for a short period probably due to the change in the morphology of the electrode surface leading to a change in surface concentration. Upon further continuation of the electrolysis, current density decreases until it reaches stabilization at around 0. (Figure 7) . CVs at different pHs also show that current density obtained at high anodic potentials increases significantly with increasing pH as expected from electrocatalytic water oxidation process, which involves proton-coupled electron transfer ( Figure S6 ).
The Faradaic efficiency of the process is evaluated by bulk electrolysis for 3 hours. O 2 evolution
is measured with an oxygen-sensing instrument equipped and compared with the theoretical mou t u ted f om F d y' w for a 4e − redox process (Figure 8) . The amount of dissolved O 2 molecules detected during bulk electrolysis matches the theoretical amount of evolved O 2 with an efficiency of 100%. This confirms that no competing redox reactions are taking place and that current density is quantitative for oxygen production.
Characterization of Electrodes
XPS analysis was performed on the electrodes before (referred to as pristine electrode) and after . [28] Additionally, scalable satellite bands were observed 4 − 8 eV above the principle signals. The post-catalytic electrode exhibits a slight shift to lower binding energies (~2.5 eV) with Co 2p 3/2 signal at 780.48 eV and Co 2p 1/2 at 795.88 eV. [29] The signals appear relatively sharper, with lower FWHM (~3 eV) and the satellite bands, though identifiable, are less distinctive. Earlier studies reported that these changes can be attributed to partial oxidation of the surface metal sites. [19] FTIR studies on the pristine and post-catalytic electrodes have no visible changes that can be attributed to the structural or compositional changes in the catalyst.
Hence, it can be said that the partial oxidation of the surface cobalt sites is not permanent and is reversible. [19] Furthermore, the O 1s signals of the pristine and post-catalytic samples have been analyzed to study the nature of the partial oxidation ( Figure S7 ). O 1s signal at binding energy higher than 530 eV corresponds to oxygen species like -OH [30] , adsorbed onto the surface of the catalyst, indicating the absence of any Co−O species during the course of the electrolysis. [17] The mild shift in the O 1s position and the relatively higher intensity can be contributed to the partial replacement of DMF on the surface with water due to their miscibility. Moreover, GI-XRD analyses of the pristine and post catalytic electrodes ( Figure S17 ) reveals that there is no distinguishable change in the crystalline phase of [Codca2]. Hence it can be safely concluded that there are no cobalt oxides formed confirming that the partial oxidation of surface cobalt sites is not permanent.
Metal-doped Cobalt Dicyanamides
The introduction of a secondary metal ion such as Ni by partial substitution of metal sites to cobalt based heterogeneous WOCs has been studied previously for both oxide and non-oxide systems to enhance water oxidation performances of catalysts. [31] This strategy has been employed for the catalysts studied herein as well, not only to obtain a detailed mapping of catalytic performances of mixed-metal dicyanamides but also to investigate the origin of the effect of doping to the catalytic activity. The unexpected improvement in the catalytic activity can be well correlated with surface concentrations of catalysts that are obtained by performing CVs on the Co 2+ /Co 3+ band at different scan rates (Table 1 and Figure S11 ). The change of TOF with respect to overpotential is almost identical suggesting that the origin of catalytic activity is the same active site, which suggests that the partial substitution of cobalt sites with nickel ions has a prominent effect to the morphology of the catalyst, thus, to the number of electroactive cobalt sites on the surface ( Figure S12 ). Figure S13 ) also show a significant change in the morphology of the particles with the addition of nickel. These three compounds were also characterized using N 2 sorption technique to deduce the surface area. The samples were subjected to BET (Brunauer-Emmett-Teller) surface area measurements by studying the N 2 adsorption and desorption isotherms at 77 K ( Figure   S14&S15 ). All of the samples appear to exhibit mesoporous behavior with varying surface areas.
[Codca2] appears to have the least surface area while [Co 0.5 Ni 0.5 dca2] exhibits relatively higher surface area with more uniform porosity, which corresponds well with the crystallite size calculations made from XRD results and morphological changes observed in SEM imaging.
Such a correlation was not achieved for Fe-derivatives due to their hygroscopic nature, which is confirmed by FTIR and SEM studies. Overall, the study clearly shows that addition of Ni sites to cobalt dicyanamide leads to an increase in the surface area and the number of metal atoms on the 
CONCLUSIONS
The investigation of new non-oxide heterogeneous WOCs has recently been a growing theme since research on both single cobalt complexes with pyridil groups and cyanide-based systems show that {CoN6} matrices have better turnover frequencies than {CoO6} ones. Heterogeneous systems based on cyanide and cyanamide bridging groups have recently reported. In this study, a new family of one-dimensional coordination compounds with dicyanamide bridging groups was reported. X-ray single crystal and powder diffraction studies indicate that all compounds, Co, Fe, and Ni derivatives, as well as mixed-metal dicyanamides, reported in this study are isostructural.
Cobalt dicyanamides are efficient water oxidation catalysts with a TOF value of 2×10 −3 t η = 358 mV and an overpotential of only 580 mV is required to produce a current density of 1 mA.cm −2 . This overpotential could further be reduced to 510 mV by introducing 10% of nickel impurities. The catalyst of interest is also robust in a wide range of pH (from 3.0 to 12.0). It also retains its structural integrity during long-term catalytic tests (70 h).
The study also shows that the estimation of surface concentration using the slope of the linear fit between the peak currents and scan rate viable method and could be well correlated with the catalytic performance of compounds with identical crystalline structures.
In summary, the rich and diverse chemistry of metal dicyanamides has promising applications in the field of water oxidation. They have several key advantages as WOCs: i) They have relatively high surface active sites, ii) they have higher TOFs than cobalt oxides, and iii) they are robust at high anodic potentials and also in acidic & basic media, and iv) the structure of the final product is highly sensitive to their synthetic protocol, which enables easy tuning of structure. Our preliminary studies show that cobalt dicyanamides with different crystal structures could be prepared even by using different solvents during synthesis. Such flexibility in synthesis will be used in the future to establish a correlation with structure and catalytic application via systematical investigation of catalytic activities of similar cobalt dicyanamides. List of Figures   Figure 1 . Fragment of the crystal structure of Co(dca) 2 (DMF) 2 depicting the MN4O2 coordination sphere for the metal site. Thermal ellipsoids are projected at the 50% probability level. Hydrogen atoms are not shown for the sake of clarity. Figure 1 . Fragment of the crystal structure of Co(dca) 2 (DMF) 2 depicting the MN4O2 coordination sphere for metal site. Thermal ellipsoids are projected at the 50% probability level.
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